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Abstract 

Weak radiative baryonic B decays B — > B1B2J mediated by the electromagnetic penguin process 
b ^ are re-examined within the framework of the pole model. The meson pole contribution 
that has been neglected before is taken into account in this work. It is found that the intermediate 
K* contribution dominates in the Sp7 mode and is comparable to the baryon pole effect in Ap'j 
and HA7 modes. The branching ratios for B~ Apj and B^ H'^S^7 are of order 2.6 x 10~^ 
and 6 x 10^^, respectively. The threshold enhancement effect in the dibaryon mass spectrum is 
responsible by the meson pole diagram. We also study the angular distribution of the baryon in 
the dibaryon rest frame. The baryon pole diagrams imply that the antibaryon tends to emerge in 
the direction of the photon in the baryon-pair rest frame. The predicted angular asymmetry agrees 
with experiment for B^ Apj. Measurements of the correlation of the photon with the baryon 
allow us to discriminate between different models for describing the radiative baryonic B decays. 
For decays B a large correlation of the photon to the S and a broad bump in the dibaryon 

mass spectrum are predicted. 
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1. In y we have studied weak radiative baryonic B decays and pointed out that the decays B 
B1B2J mediated by the electromagnetic penguin process 6 — > ,57 can have rates larger than their two- 
body counterparts B ^ B1B2 due to the large short-distance enhancement for the electromagnetic 
penguin transition. In particular, the branching ratios for B~ Apj and B~ — > H''S~7 are 
sizable, of order 1 x 10~^.^ We thus concluded that the penguin-induced radiative baryonic B 
decays should be accessible to B factories. Recently, Belle [3| has made the first observation of the 
radiative hyperonic B decay B~ — > Apj with the result 

B{B- Ap-f) = (2.16l[!:| ± 0.20) x 10"^ (1) 

and set an upper limit on the branching ratio of B{B^ T,^pj) < 4.6 x 10^^. Therefore, the former 
radiative decay mode has a rate much larger than the two-body counterpart, that is, T(B~ — > 
Afry) ^ T{B~ — > Ap), where only the upper limit of 4.9 x 10~^ has been set for the branching ratio 
of the latter 0]. 

In the past few years, there are two more theoretical studies on radiative baryonic B decays: one 
by Kohara 0] and the other by Geng and Hsiao 0]. Based on the assumption of penguin transition 
dominance and flavor SU(3) symmetry, Kohara has derived several relations among the decay rates 
of various decay modes. Geng and Hsiao have followed 3] to parametrize the three-body B to 
B1B2 transition matrix element in terms of several unknown form factors and then invoked the 
pQCD counting rules to require the form factors to behavior as the inverse powers of the dibaryon 
invariant mass squared = (pg^ +Pb2^'^- Although their result on B{B~ — > Ap^) is very 

similar to ours, their predictions for some other radiative modes are quite different from ours. For 
example, whereas B~ YPp^ is predicted to be quite suppressed, of order 10~^, in our pole model 
calculation, it can be as large as 10~^ in |^. 

In this work we would like to re-examine the radiative baryonic B decays within the pole 
model framework for two reasons. First, in the previous work we have neglected the meson pole 
contributions which are a priori not necessarily small. Also some input parameters such as the 
strong couplings need to be updated. Second, for the decay B~ — > Afr) Belle has measured the 
angular distribution of the baryon in the baryon-pair rest frame. It is found that the A tends to 
emerge opposite the direction of the photon. The correlation of the photon with the A is sensitive to 
the underlying decay mechanism and hence can be used to discriminate between different models. 

2. As shown in the radiative baryonic B decays of interest that proceed through the 
electromagnetic penguin mechanism b ^ s'j are 

B~ {Ap, TPp, S+A~~, S~n, H^S", H^A, J^~H°}7, 

S° ^ {An, Tpn, ^-+p, A+ , H°A, n-E+}-f. (2) 

Let us consider the decay B^ Ap'j as an illustration. The short-distance b ^ penguin 
contribution to B Ap'j depicted in Fig. 1 is described by the weak Hamiltonian 

nw = -^VZVtbc}0-r, (3) 



^ The prediction of B{B Apj), for example, has been updated in 
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FIG. 1: Quark and pole diagrams for B Ap^. 



with 



07 = ^ mbsa^.F^^'il + 75)6. (4) 



The Wilson coefficient Cj will be specified later. Since a direct evaluation of this diagram is difficult 
as it involves an unknown 3-body matrix element M^i, = (Ajj|s(T^,y(l + 75)6|i3~), we shall instead 
evaluate the corresponding diagrams known as pole diagrams at the hadron level (see Fig. 1). In 
principle, there exist many possible baryon and meson pole contributions. The main assumption 
of the pole model is that the dominant contributions arise from the low-lying baryon and meson 
intermediate states. For Ap'j, the relevant intermediate states are ' and 'Ejj ' . 

Let us consider the Af, pole first. Since the intermediate A;, state amplitude 

A{B- Ap7(A;))a, = g^^,^B'p{^l\'Hw\H) 7 -TT2 —Uh^,l->vp , (5) 

iPA + K) — rrif^^ 

has been evaluated in we just write down its final expression 

A{B- Ap7)aj, = -iQKi^B-p UA{a + b-f5)a^i.e''k'' — — '—-f5Vp , (6) 

[PA + K) — m^^ 

with 

where fj^''^ and gf^''^ are the form factors for Af, ^ A transitions defined by 



nil + m2 mi + 7712 



6261/ I2\ , ■52 {1 /U , 93 \Q f] I / N 

mi + 1712 fni + m2 J J 

with q' = P2 — Pi- To obtain the result © we have applied the relation 70 "Ua^ = ^At valid in the 
static heavy 5-quark limit. As explained in 0], the | state A^ and the pole states and do 
not contribute to -B~ — > Ap7. 

The K* meson pole contribution, which has been neglected in our previous work, is a priori not 
necessarily suppressed. Its amplitude reads 

/ u^pK* \ 

A{B- ^ Ap7)^. = A{B- ^ K*-j) ^ \ u^e^^A h^P'^^. + i^ ct^aQ^ vp, (9) 

- mj^» \ niA + nip j 
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where the strong couphngs hi and /12 will be specified shortly, q = PA+ pp, and 

A{B- ^K*-{qMk)) = -^y;^F,,a?^2mJie^,«^e^re^./ri(0) 



e'i,4ml-ml,)-{p + q)^eK' -k T2{0)\, (10) 



with e and ek* being the polarization vectors of the photon and K*, respectively. In the above 

expression, we have replaced the Wilson coefficient Cj by the parameter Oj to take into account 

vertex and spectator corrections to B ^ K*^. It is easily seen that the first term with the form 

factor Ti does not contribute to the K* pole amplitude. Summing over the polarization of the 

intermediate K* state and applying the Gordon decomposition 

i _ _ 1 _ 

: UAa^yq^Vp = UA^f^Vp ■ ua{pa - Pp)ij,Vp, (11) 

TTT-A + rap ruA + rup 

the K* pole amplitude becomes 



lu^pK* , u^pK*\ , ,ApK*niA-mp 
(/l/ )7m + ^1 2 -iPB)f^ + 




mj^* ruA + fUp 

We shall follow |^ to relate the strong couplings hi and /i2 to the vector form factors defined in 
the matrix element {Kp\(y — A)^|0) via the intermediate K* pole; that is, 

/.f ^*(,2) = ^^-^ft^{q% 4^^*(,2) = ^^-^f^^iq^). (13) 

jK^ruK* jK*rnK* 

There exist other strange kaon intermediate states such as the excited K* ones and the p-wave 
states such as Kq, Ki and -K"!- However, they are expected to be suppressed at both strong and 
weak vertices, namely, T{B -?^rcsoancc7) < r(i? K*j) and /j^P-'^rcsonancc ^ h^P^* . Therefore, 
we will focus on the dominant K* pole contribution in the present work. 

To proceed with numerical estimations, we need to specify the input parameters. The effective 
Wilson coefficient Oj including next-to-leading part is —0.31 at /i = mi) = 4.2 GeV 0|. The 
effective parameter Oy for B K*^ has been calculated in the framework of QCD factorization to 
be |a||2 = 0.165t[]:|]i^ [13] at /i = mf, and a? = -0.4072 - 0.0256i 111] at /i = (see also Table 3 
of 131) • These effective parameters are larger than the Wilson coefficient Cy. For the tensor form 
factors ri_2(0) with the relation r2(0) = ri(0)/2, we use the covariant light-front model result, 
namely, ri(0) = 0.24 For the CKM matrix elements, we use the Wolfenstein parameters 

A = 0.825, A = 0.22622, p = 0.207 and f) = 0.340 Q. For the baryonic form factors, we will follow 
[l^l to apply the nonrelativistic quark model to evaluate the weak current-induced baryon form 
factors at zero recoil in the rest frame of the heavy parent baryon, where the quark model is most 
trustworthy. This quark model approach has the merit that it is applicable to heavy-to-heavy and 
heavy-to- light baryonic transitions at maximum q^. Following we have 

ft'^oL) = 9i'\em) = 0.64, f^^\ql) = g^^\ql) = -0.31, 

ft\ql) = g^'\ql) = -0.10, (14) 
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for Afc — A transition at zero recoil = (ttt-a^ — ?7ia)^. Since the calculation for the dependence of 
form factors is beyond the scope of the non-relativistic quark model, we will follow the conventional 
practice to assume a pole dominance for the form-factor behavior: 



fie 




9{q^) = 9{qL) 



1 



1 



(15) 



^ limit, two gluons are needed to 
-> s transition. Con_sequently, as 



where my {mA) is the pole mass of the vector (axial-vector) meson with the same quantum number 
as the current under consideration. The monopole (n = 1) momentum dependence is favored by 
the pQCD picture. Considering the asymptotic t = {pA^ — Pa 
distribute the large momentum transfer released from the b ■ 
t — > oo, we have f^''^{t) and g^''^{t) \/t^ according to the pQCD counting rule |13] which gives 
rise to the leading power in the large-t fall-off of the form factor by counting the number of gluon 
exchanges necessary to distribute the large momentum transfer to all constituents. 

As for the vacuum to Ap vector form factors /j^^(^^), they can be related to the nucleon's 
electromagnetic form factors by the relations 



where 



(JV(pi)iV(re)|Jri(i> 



(16) 



(17) 



The experimental data are customarily described in terms of the electric and magnetic Sachs form 
factors G^{t) and Gfj{t) which are related to and via 

t 



G|"(t) = Frit) + -r^Frit) 



Fnt)+Fr{t). 



(18) 



A phenomenological fit to the experimental data of nucleon form factors has been carried out in 



A p 

|l8| using the following parametrization: 

\GUi)\ 



a^ a^ a^ ^C4 X5 

^2 + ^3 + ^4 + ^5+ t6 



\Gim 



t2 + t3 



In- 



t 



(19) 



where Qo = Aqcd ~ 300 MeV and 7 = 2 ^ = 2.148 with /3 being the /3-function of QCD to one 
loop. The best fit values of Xi and y-i extracted from the nucleon data can be found in 

The coupling g^b^B p fixed from the measurement of S^p which receives dominant 



pole contributions from the intermediate A^*-*"* and S^''*'' states in the pole model. The expression 
of the B~ — > S|?j5 decay amplitude within the pole model can be found in Eq. (2.13) of 
measured branchingj;atio B{B- S^p) = {3.67toit ± 0.36 ± 0.95) x 10"^ implies l^^'" 



o(*) 



The 

'^~P\ ~ 6 

[2^. As stressed in |2o|. the sign of this strong coupling is fixed to be negative from other baryonic 
B decay processes. 

With all the ingredients at hand, we are ready to compute the decay rate of B^ Apj. And 
the result is shown in Table I. It is clear that baryon and meson pole contributions are comparable 
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FIG. 2: (a) Kp invariant mass distribution for the decay B~ — > Ap7 where the experimental data 
are taken from and (b) the same distribution with amphfied vertical scale. 

and interfere constructively. The A.p invariant mass spectrum is depicted in Fig. [21 where the 
threshold effect, namely, the peaking branching fraction near the threshold area, is clearly seen 
experimentally. ^ Theoretically, the low-mass enhancement effect is closely linked to the behavior 
of the baryon form factors in the meson pole amplitude; the form factors fi2{t) expressed in terms 
of a power series of the inverse of the baryon invariant mass squared t = M'^p will fall off fast with 
M\p [see Eq. (|19|) ]. The threshold peaking effect will be affected by the presence of the baryon 
pole contribution. Specifically, the peak of the spectrum will be shifted from M\p = 2.3 GeV to 
2.7 GeV if the K* pole diagram is turned off while the baryon pole contribution is turned on. Note 
that the experimental spectrum is much more sharply peaked near threshold than the theoretical 
expectation. Even if only the meson pole make contributions and the relevant form factors fall 
off with t like or l/f^, theoretically it is difficult to fully reproduce the observed Ap mass 
spectrum (see also Fig. 2 of 0] ) . As we shall see shortly, the presence of baryon pole contributions 
is necessary as it is responsible for the angular distribution to be discussed below. 

4. We next consider other radiative modes such as ^^P7, E^T, 7 and B^ E^Aj. 

Their baryon poles are (A[*'', and respectively, where Eb and H'j^ are anti- 

triplet and sextet bottom baryons, respectively. The relevant strong couplings relative to g\^^B-p 
evaluated using the ^Pq quark-pair-creation model are summarized in 1] and will not be repeated 
here. The general feature is that the anti-triplet bottom baryons A;, and Eb have larger couplings 
than the sextet ones T,b and H'^. Form factors for S;, — S, H;, — H and E'^ — E transitions are depicted 
m Table 1 of As for the K* pole contribution, we apply again the ^Pq quark model to obtain 



gApK* = 9B-KK* = -J'^/^g=PY.K' = -^QjlOpK*- (20) 



2 The data of dB/MAp (in units of IO^'^j-QcV)"!) are taken from Table I of Q. For the lower bin Map < 2.2 
GeV, dB/MAp = (1.4ll°:«)/(2.2 ~ niA - m^). 
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FIG. 3: HE invariant mass distribution for the decay B — > H E 7. 

The predicted branching ratios for B~ — > Ti^pj, EPT, 7 and H~A7 decavs are summarized in 
Table 1. Decay rates for the other modes can be obtained via the relations [l| 

T{B- T.-n^) = 2T{B~ YPp-y) = 2T(^ YPn-i) = ^+^7), 

r(fi° ^ H-S+7) = 2T{B- ^ H-S°7) = 2T{^ ^ H°S°7) = T{B- ^ E^t'-f), 

r(5° ^ An7) = T{B- Ap7), r(B° ^ H°A7) = r(5" ^ H-A7). (21) 

It is interesting to notice that the TPp^ mode, which was previously argued to be very suppressed 
due to the smallness of the strong coupling g^^^^B-p: receives the dominant contribution from the 
K* pole diagram. In contrast, H'^S~7 is dominated by the baryon pole contribution. Meson and 
baryon intermediate state contributions are comparable in the decays Ap7 and H~A7 except that 
they interfere constructively in the former but destructively in the latter. In short, in addition to 
the first observation of Ap7, the decay B^ EPTi^j at the level of 6 x 10^^ may be accessible 
to B factories in the future. Since this mode is dominated by the baryon pole contributions, the 
dibaryon invariant mass spectrum is not sharply peaked near the threshold as seen in B~ Apj. 
Rather, it looks like a broad bump with the peak extended away from the threshold, see Fig. |21 
Hence, measurements of the invariant mass spectrum for B~ — > EPTi~'y will help us understand its 
underlying mechanism. 

5. In addition to the threshold enhancement effect observed in the differential branching fraction 



of Ap7, Belle has also measured the 


angular distribut 


ion of the antiproton 


in the Ap system (Fig. 


TABLE I: Branching 


ratios and ang 


ular asymmetries 


defined in Eq. H22|l for radiative baryonic B 


decays. 










Mode 


Baryon pole 


Meson pole 


Br (total) 


Angular asymmetry 


B^ Apj 


7.9 X 10"'^ 


9.5 X lO"'^ 


2.6 X 10-6 


0.25 


B- S0p7 


4.6 X 10-9 


2.5 X 10"'^ 


2.9 X 10-"^ 


0.07 


B H°S-7 


7.5 X 10"'^ 


1.6 X 10""^ 


5.6 X lO"'^ 


0.43 


B E-Aj 


1.6 X 10"'^ 


2.4 X 10"'^ 


2.2 X lO"'^ 


0.13 
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FIG. 4: Angular distribution of the antiproton in the baryon pair system for B~ — > Apj, where 
6p is the angle between the antiproton direction and the photon direction in the Ap rest frame. 
The dotted, dashed and solid curves stand for baryon pole, meson pole and total contributions, 
respectively. Data are taken from 



|1J), where 9p is the angle between the antiproton direction and the photon direction in the Ap rest 
frame. It is clear that the A tends to emerge opposite the direction of the photon. Defining the 
angular asymmetry as 



(22) 



le events with cos 9p > and cos 9p < 0, respectively. Belle found A 



where and N- are t 
0.36t[}:| for B- ^ Ap7 0. 

The strong correlation of the 7 to the p in Apj can be inferred from the baryon pole 

diagram in Fig. 1. The denominator of the A;, pole amplitude [see Eq. ©] reads 

^At ~ (pa + = -m\- 2{EaE^ + Pc.m.E^ cos Op) (23) 

in the Ap rest frame, where Pc.m. is the cm. momentum. It is clear that the decay becomes 
prominent as cosOp 1, i.e., when the antiproton is parallel to the photon. The meson pole 
diagram is responsible for low-mass enhancement and does not show a preference for the correlation 
between the baryon pair and the photon (see the dashed curve in Fig. |^. Our prediction A = 0.30 
(see Tabled) is consistent with experiment. Intuitively, the observation that 7 is correlated more 
strongly to the p than to the A also can be understood in the following manner. Since in the B 
rest frame 

Map = m\ + ml + 2{ExEp - \pk\\pp\ cos ^Ap), (24) 

threshold enhancement implies that the baryon pair A and p tend to move collinearly in the B rest 
frame, i.e. 6\p — > 0. From Fig. 1 we see that the A is moving faster than p as the former picks up 
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an energetic s quark from the 6 decay. When the system is boosted to the A rest frame, p and 7 
are moving colhnearly away from the A. 

We next turn to the T,^pj and H'^S~7 modes. Since they are dominated by meson and baryon 
pole contributions, respectively, the angular asymmetry is expected to be very large (~ 45%) for 
the former and very small (~ 8%) for the latter. 

In ^l, the amplitude of B~ — > Ap'j is expressed in terms of two 3-body matrix elements 
(Aj3|s7^(l — 75)6|i3^) and {Ap\s{l + j5)b\B^). These matrix elements can be parameterized in 
terms of several unknown form factors. If the form factors are expanded as a power series of the 
inverse of the baryon invariant mass (l/M^^g^)", then the angular distribution curve would look 
like a par abola opening downward as the photon has no preference in correlation with the A or 
the p |2l| . in sharp contrast to the data shown in Fig. |^ Phenomenologically, this means that 
the B B1B2 transition form factors should not depend solely on the baryon invariant mass; the 
invariant mass of the photon and one of the baryons should be incorporated in the form-factor 
momentum dependence |2l|. This difficulty is resolved in the pole model as the invariant mass 
of the 7 and the A is included in the propagator of the meson pole contribution to B^ Apj. 
The issues for the angular distributions in baryonic B decays B B1B2M and for the momentum 
dependence of i? ^ B1B2 transition form factors will be studied elsewhere. 



6. We have re-examined the weak radiative baryonic B decays B BiB2'y mediated by the 
electromagnetic penguin process 6 ^ 57 within the framework of the pole model. The meson pole 
contribution that has been neglected before is taken into account in this work. Our conclusions are: 
(1) The intermediate K* contribution dominates in the 'Sp'j mode and is comparable to the baryon 
pole effect in Ap7 and HA7 modes. (2) The branching ratios for B~ Ap^y and B^ 5*^X1^7 
are of order 2.6 x 10^^ and 6 x 10^^, respectively. (3) The meson pole contribution accounts 
for the threshold enhancement effect occurred in the dibaryon invariant mass spectrum. (4) The 
baryon pole diagrams imply that the antibaryon tends to emerge in the direction of the photon 
in the dibaryon rest frame. Our predicted angular asymmetry A = 0.25 agrees with experiment 
for B~ Apj. Measurements of the correlation of the photon with the baryon allow us to 
discriminate between different models for describing the radiative baryonic B decays. (5) For the 
decay B HII7, a large correlation of the photon to the II and a broad bump in the dibaryon 
mass spectrum are predicted. 
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